By combining neutron four-circle diffraction and polarized neutron-diffraction techniques we have determined the complex spin structures of a multiferroic YMn 2 O 5 that exhibits two ferroelectric phases at low temperatures. The obtained magnetic structure has spiral components in both the low-temperature ferroelectric phases that are magnetically commensurate and incommensurate, respectively. Among proposed microscopic theories for the magnetoelectric coupling, our results are consistent with both the spin-current mechanism and the magnetostriction mechanism. Our results also explain why the electric polarization changes at the low-temperature commensurate-to-incommensurate phase transition. By combining neutron four-circle diffraction and polarized neutron-diffraction techniques we have determined the complex spin structures of a multiferroic YMn 2 O 5 that exhibits two ferroelectric phases at low temperatures. The obtained magnetic structure has spiral components in both the low-temperature ferroelectric phases that are magnetically commensurate and incommensurate, respectively. Among proposed microscopic theories for the magnetoelectric coupling, our results are consistent with both the spin-current mechanism and the magnetostriction mechanism. Our results also explain why the electric polarization changes at the lowtemperature commensurate-to-incommensurate phase transition.
I. INTRODUCTION
Magnetic multiferroic materials become simultaneously ferroelectric and magnetic at low temperatures and are, thus, attractive for use in technological devices that can exploit both sets of properties. [1] [2] [3] [4] [5] It would, of course, be desirable to develop materials with such behavior at room temperature. To realize this goal it is necessary to obtain a full understanding of the origin of this behavior. For this purpose it is necessary to develop a precise determination of the magnetic and electronic structures of these materials. This program is complicated by the fact that typically such systems, as, for example, the AMn 2 O 5 compounds where A is a rare earth, undergo several magnetic and electronic phase transitions upon cooling. To help clarify the situation we present here a detailed study of the magnetic structure of one member of this class of compounds, YMn 2 O 5 , in two of its magnetoelectric phases.
A. Overview of properties of AMn 2 O 5
By way of introduction we first give a brief overview of the magnetoelectric properties of the AMn 2 O 5 . As long as one does not consider too low a temperature these systems display two scenarios of ordering. 6 At temperature above about T c = 45 K all these systems are in a high-temperatureparamagnetic-paraelectric ͑HTPM-PE͒ phase. Then at T c the systems order into a state which is paraelectric but with magnetic order whose modulation vector has incommensurate x and z components so that this vector is nearly equal to the commensurate value k C = ͑1 / 2,0,1/ 4͒ in reciprocal lattice units ͑rlu's͒. Then, a few degrees lower in temperature some of the AMn 2 O 5 systems, A = Tb, 2,7-9 Ho, 10, 11 and Dy ͑Refs. 12-15͒ follow the first scenario in which they make a phase transition into a phase ͓intermediate-temperature commensurate ferroelectric ͑ITC-FE͔͒ which is ferroelectric and the magnetic order is commensurate with wave vector k C . In contrast, the AMn 2 O 5 systems with A = Er, 16, 17 Y, 18, 19 and Tm ͑Ref. 20͒ follow the second scenario in which there is an intermediate phase between the paraelectric incommensurate magnetic phase and the commensurate ferroelectric phase ITC-FE. In this intermediate ͓intermediate-temperature incommensurate ferroelectric ͑ITI-FE͔͒ phase only the x component of the magnetic wave vector is incommensurate and the state is ferroelectric. In either scenario the commensurate ferroelectric ͑ITC-FE͒ phase sets in at T Ϸ 38 K and persists down to temperatures of 5-25 K depending on the specific compound. At an even lower temperature, the ITC-FE state is replaced by a low-temperature ͓low-temperature incommensurate ferroelectric ͑LTI-FE͔͒ state which is either incommensurate or a long period commensurate phase. 8, 10, 16, 18, 20 In this so-called ferroelectric phase the spontaneous polarization is either smaller ͓as in YMn 2 O 5 ͑Ref. 21͔͒ or possibly zero ͓as in HoMn 2 O 5 ͑Ref. 10͒ or ErMn 2 O 5 ͑Ref. 10͔͒. The experimental situation is reviewed in Ref. 6. Up to now, the spontaneous polarization has only been observed along the b direction for TmMn 2 Various theories have been proposed to explain the magnetoelectric coupling in magnetic multiferroics. These are naturally classified as microscopic or phenomenological. The microscopic theories usually begin with a Hubbard model or invoke a strain derivative of anisotropic spin-spin interactions. The first explanation was a microscopic calculation of Katsura et al. 28 involving a spin-current interaction. The spin current attributed to a pair of spin S i and S j is proportional to S i ϫ S j , and the resulting polarization was shown to be given by
where e ij = ͑r i − r j ͒ / ͉͑r i − r j ͉͒, where r i is the position of the ith spin and e ij is a unit vector connecting the two magnetic ions. This mechanism requires the spins to be noncollinear. It should be mentioned that the spin-current model does not provide a universal explanation for magnetoelectricity, as is shown by the example of RbFe͑MoO 4 ͒ 2 , where the spins adopt a noncollinear structure but their orientations are confined to the hexagonal basal plane. According to Eq. ͑1͒ the polarization perpendicular to the basal plane should be zero. 29 But experiment clearly shows it to be nonzero. 30 This difficulty seems to be resolved by a recent analysis 31 of the symmetry of the microscopic interactions, which indicates the presence in Eq. ͑1͒ of a term proportional to S i ϫ S j , which would be consistent with the result for RbFe͑MoO 4 ͒ 2 .
An alternative calculation was given by Sergienko and Dagotto 32 who used the fact that even if the DzialoshinskiiMoriya ͑DM͒ interaction vanished in an inversion symmetric structure, the DM interaction could lead to the kind of spinphonon coupling that would lead to ferroelectricity. A more general analysis for the specific system Ni 3 V 2 O 8 was also given by Harris et al. 33 There it was shown that gradients of any of the components of the exchange tensor could lead to ferroelectricity provided the magnetic structure was such as to break inversion symmetry. Thus, if the spin structure has been fixed and proven to be of suitable character, it is not necessary any more to invoke the DM interaction. Reference 34 presents a theory based on magnetostriction in which P ϰ S i · S j can occur for a collinear spin structure that has ↑↑ ↓↑ configuration in the antiferromagnetic nearestneighbor spin interaction system. This spin structure leads to frustration. To release frustration, ions with parallel spins move away from each other, while ions with antiparallel spins move closer to each other. The displacements of these frustrated ions result in an electric polarization. Note that this theory is a special case of that of Ref. 33 in which all components of the exchange tensor are allowed to have a strain dependence. Their model, as well as the Landau model ͑see below͒, explains the magnetoelectric phenomena found in many different materials such as TbMnO 3 ͑Refs. 1, 35, and 36͒ and CoCr 2 O 4 .
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In principle, the phenomenological theories apply independently of the details of the microscopic mechanisms responsible for ferroelectricity. The advantage of such theories is that they enable one to incorporate the symmetry of the unit cell, a property which is crucial to multiferroics. In the initial Landau theory 35, 38 the magnetoelectric coupling responsible for ferroelectricty involved a trilinear interaction of the form
where r ␥ is a real constant and n ͑q͒ is a complex-valued order parameter specifying the amplitude of the incommensurate spin structure. The two order parameters describe spin patterns of different symmetry, which usually are the longitudinal and transverse components of a spin spiral. Because the order parameters are constructed to reflect the symmetry properties of the magnetic structure, it is usually trivial to determine which of the r ␥ 's are allowed to be nonzero. 39 For the commensurate state of the AMn 2 O 5 systems the interaction is slightly different, 39, 40 
These theories ͑as do others͒ predict correctly the orientation of the spontaneous polarization ͑along the b axis͒ and rely only on the symmetry of the magnetic structure and, in particular, give the correct result whether the spin structure in the AMn 2 O 5 is a spiral ͑as now believed͒ or is more or less collinear ͑as previously believed͒, as long as the symmetry of the magnetic structure is correctly identified ͑this is usually easy to do͒. An alternative phenomenological theory was advanced by Mostovoy. 41 This theory may be described as a macroscopic version of the spin-current model in that the symmetries of the two models are identical. A big advantage of the continuum model of Mostovoy 41 is that it provides an easily visualized picture of a magnetic structure ͑a magnetic spiral͒ that leads to ferroelectricity. 34, 41 However, it has the drawback of the spin-current model in that it does not give a universal explanation of ferroelectricity, and, perhaps more important, it is not a convenient starting point from which to incorporate symmetry of the unit cell. 29 Furthermore one can clearly see that results such as Eq. ͑2͒ or ͑3͒ allow for a quantitative prediction of the temperature dependence of the spontaneous polarization.
A somewhat different phenomenological approach was proposed by Betouras et al., 42 who invoked a spinpolarization interaction, which, in the language of Eq. ͑2͒, involved umklapp terms in the magnetoelectric interaction. This suggestion was elaborated in Ref. 40 where it was shown that this umklapp magnetoelectric interaction, though expected to be small, could nevertheless lead to nonzero components of the polarization, which were otherwise predicted to vanish. In the original paper of Betouras et al. 42 it was pointed out that that mechanism implied a lattice distortion at twice the periodicity of the unit cell. However, this was evaluated for a magnetic structure which doubled the unit cell, whereas for the AMn 2 O 5 the cell is quadrupled in one direction. Perhaps a more detailed analysis of this effect is desirable.
C. Crystal and magnetic structure of YMn 2 O 5
YMn 2 O 5 ͑orthorhombic space group Pbam͒ has a complex crystal structure. 43 There are eight Mn ions at two distinct sites in the chemical unit cell ͑see 8, 19 reported nearly collinear spin structures along a zigzag chain for their ferroelectric phases and, thus, presented these systems as examples where the magnetostriction mechanism rather than the spin-current model is operative. In the previous study, the decrease in P at the transition from the ITC-FE to the LTI-FE phase was attributed to a magnetic transition from a structure with magnetic moments of similar amplitudes to an amplitude-modulated sinusoidal spin structure. The same result was also invoked as experimental evidence for a recent theory based on umklapp interactions. 42 This discussion raises two questions. First, to what extent can one distinguish between the various theoretical modes on the basis of the structure determinations we are about to undertake? Second, what is the best experimental approach to uniquely determine a complex spin structure? The group theoretical analysis ͑representation theory͒ is a basic method to describe a complicated magnetic structure. This theory explains that the possible magnetic structure is limited by symmetry of the crystal structure of the paramagnetic phase when it undergoes a continuous phase transition and close to the paramagnetic phase. Recently, Harris 39 proposed that representation analysis with considering inversion symmetry can decrease the number of parameters needed to construct the spin structure in ITC-FE of AMn 2 O 5 . According to this idea, determining the spin structure of YMn 2 O 5 requires optimization of 14 parameters excluding an overall scale factor for ITC-FE phase. ͑The most convenient parametrization is given in Ref. 40 .͒ However, this analysis is not applicable for the low-temperature incommensurate phase since this phase probably cannot be reached without crossing a first-order phase boundary. ͑Representation theory is not applicable to a state reached only via a first-order transition.͒ Thus, for the LTI-FE phase, no restriction from symmetry was assumed so that 48 magnetic structure parameters excluding an overall scale parameter had to be optimized. While powder diffraction is not sufficient to find a complex spin structure due to its intrinsic powder averaging, four-circle diffraction ͑FCD͒ from a single crystal can probe each wave vector separately and, thus, provide much more detailed information than powder diffraction. The FCD technique has been instrumental in studying many different magnetic multiferroics. 11, 35, 44 However, as we will see later, the FCD by itself is not enough when it comes to determining complex spin structures as in AMn 2 O 5 .
Here, we demonstrate that the combination of FCD and polarized neutron-diffraction ͑PND͒ techniques can lead to a unique determination of the complex spin structures of YMn 2 O 5 and reveal the correct nature of the coupling of the magnetic and ferroelectric order parameters in both the ITC-FE and LTI-FE phases. Our spiral structure of the ITC-FE phase is consistent with recent FCD results. 44, 45 We show that the LTI-FE phase also has a magnetic spiral structure that is much more complex than the ITC-FE phase and is different from the sinusoidal spin structure proposed by the previous powder neutron-diffraction study. 19 We give a detailed discussion and show that both the spin-current and the magnetostriction model 34 can explain the experimental result of P in the ITC-FE and LTI-FE phases. Other theoretical implications of the different spin structures of YMn 2 O 5 are also discussed.
II. EXPERIMENT
A 1 g single crystal of YMn 2 O 5 was used for our neutron FCD and PND measurements. In the FCD measurements relative spin directions and magnitudes in a magnetic system give rise to relative intensities of magnetic Bragg reflections, while in the PND measurements they give rise to different intensities in the non-spin-flip ͑NSF͒ and the spin-flip ͑SF͒ channels at each reflection. Thus, in the FCD technique, enough information for the structure determination can only be obtained by measuring a large number of reflections. As the complexity of the structure increases, the required number of reflections grows. In the PND technique, on the other hand, information about particular spin directions and magnitudes can be achieved at each reflection. Thus, the two techniques can be complementary and powerful, when combined, in determining a complex spin structure. Our FCD measurements were performed at the four-circle diffractometer, TriCS, at the Paul Scherrer Institute to collect about 300 magnetic reflections in ITC-FE at 25 K and LTI-FE phase at 10 K. Our PND measurements were done at two neutron facilities using two different experimental configurations. At the NG1 reflectometer at the National Institute of Standards and Technology, the conventional PND measurements were performed with two sets of transmission neutron polarizers and spin flippers before and after the sample, and a vertical guide field along the beam path to maintain the selected spin state of neutrons. At the Japan Atomic Energy Agency, the three-dimensional polarization analysis ͑CRYO- PAD͒ technique was used at the TAS-1 spectrometer. In both PND measurements, the crystal was aligned in the ͑h0l͒ scattering plane. Thus, in the conventional PND measurements, the b components of the magnetic moments go to the nonspin-flip channel while the ac components go to the spin-flip channel. The polarization efficiency, i.e., the fraction of neutrons that are polarized along the selected directions, was measured at the nuclear reflections to be 82% for the conventional PND and 94% for the CRYOPAD measurements. The three-dimensional polarization technique can measure different scattered-neutron polarization from the incident neutron polarization. The neutron-scattering cross section d d⍀ can be written as
where N is the nuclear structure factor,
ϫ Q ͔ is the magnetic interaction vector, and P ជ i is the polarization vector of the incident neutrons. In the CRYOPAD experiment, we measure
where P ជ f is the polarization vector of the scattered neutrons. The measurement yields a 3 ϫ 3 polarization matrix ͑the P matrix͒ for each magnetic reflection. For the case where N = 0 and where the magnetic structure is noncollinear as in YMn 2 O 5 , the P matrix becomes
where x axis represents the direction parallel to the scattering vector Q ជ , y axis represents the horizontal axis perpendicular to Q ជ , and z axis the vertical direction with respect to the scattering plane. ͑See Ref. 46 for the detailed descriptions.͒ Now, due to the existence of crystal and magnetic domains, the off-diagonal terms vanish because our measurements were done without any external electric field. Thus, we used the two diagonal terms, P yy =−P zz for our data analysis. P zz corresponds to
in terms of the conventional PND technique, where I NSF and I SF are the non-spin-flip and spinflip neutron-scattering intensities, respectively. The experimental data from the CRYOPAD and conventional PND techniques were the same within the experimental error. Figure 1 shows our experimental data obtained from a single crystal of YMn 2 O 5 at 25 K ͑ITC-FE phase͒ ͓Figs. 1͑a͒ and 1͑b͔͒ and 10 K ͑LTI-FE phase͒ ͓Figs. 1͑c͒ and 1͑d͔͒, along with model calculations based on several different spin structures. As shown as blue diamonds, the nearly collinear coplanar spin structures that were obtained by a previous neutron powder-diffraction study 19 cannot reproduce our FCD and PND data in both phases. Recently, for the commensurate ITC-FE phase, noncollinear spin structures were found based on FCD measurements, in which the ac and the bc components of Mn 4+ ions form cycloidal spirals along the c axis. 44, 45 As shown in Fig. 1͑b͒ , however, their spin structures do not perfectly reproduce our PND data ͑see cyan diamonds and purple crosses͒. This tells us that there may be several spin structures that can reproduce the FCD data, yet yield different polarized neutron data. Indeed, when we fit our FCD data for the ITC-FE phase, we could obtain several spin structures that are similar to but not the same as the previously reported noncollinear spiral spin structure, but which did not simultaneously fit our PND data. In order to obtain a spin structure that reproduces both the FCD and PND data well, we had to fit the FCD and PND data simultaneously. To our surprise, once the PND data were included in the fitting process, a direct least-squares refinement quickly converged after a few cycles to the spin structures that reproduced perfectly both FCD and PND data for the ITC-FE and LTI-FE phases. The results are shown by red stars in Fig. 1 .
III. MAGNETIC STRUCTURES
We fit the commensurate structure to the symmetry analysis of Ref. 39 , but with the labeling of the sites given in Table  IX of Ref. 40 . We first consider the Mn 3+ sites. Note that sites labeled 1, 2, 3, 4, 5, 6, 7, and 8 in that reference correspond to the labels 1, 4, 3, 2, 5, 6, 7, and 8 in the present paper, in terms of which M ␣ ͑n͒, the ␣ component of the magnetization at site n, is given by
͑7͒
where
Here the coefficients r 1x , r 1y , r 2x , and r 2y are all purely real constants, whereas r 1z and r 2z are pure imaginary constants. The 's are complex-valued order parameters, which are the amplitudes of the two basis functions in the two-dimensional irreducible representation 39, 47 appropriate to the wave vector in question.
For the Mn 4+ sites we have
where the z's are complex quantities which have both real and imaginary parts. The best fit was obtained with the parameters listed in Table II . The resulting values of the magnetic moments of Mn 3+ and Mn 4+ ions in one quarter of the magnetic unit cell for the ITC-FE phase are given in Table III and are illustrated in Fig. 2 . Note that our optimal magnetic structure has only a single order parameter ͑ 1 =0, 2 0͒ so expected by the Landau theory. 48 Furthermore, in Ref. 48 it was shown that the early results of Ref. 19 corresponded to 1 = 0 with r 1 and r 2 that are two dimensional in the ab plane, and the later results of Ref. 45 corresponded to 2 = 0 with threedimensional r 1 and r 2 . These two structures are clearly equivalent when only the ab components of the moments are considered, as higher terms in the Landau free energy can pick out a direction in space ͑e.g., 1 2 = 0, rather than ͉ 1 ͉ = ͉ 2 ͉͒, but it should not break the equivalence between the two order parameters. In comparison, the results of Vecchini et al. 44 cannot be obtained by Eqs. ͑7͒ and ͑9͒. This is because our model has more strict restrictions on the magnetic structure due to the inversion symmetry resulting in the 14 parameters ͑without an overall parameter͒ than their model that has 26 parameters. Within our Landau theory, we could obtain a magnetic structure that is close to their model with two nonzero order parameters, using One can see that ͉ 2 ͉ ӷ ͉ 1 ͉. When we require 1 = 0 but still try to find a magnetic structure that is close to the model of Vecchini et al. 44 and fits our data reasonably well ͓see Fig.  1͑b͔͒ , we obtained a magnetic structure ͑we call it a modified Vecchini͒ with the parameters listed in Table II . This little exercise is to show that all reported magnetic structures for 
where N = 412 which indicates the number of data points, the N p =15 which is the number of the fitted parameters including an overall scale factor, and I obs ͑⌬I obs ͒ is the FCD intensity ͑experimental error͒. P obs zz = ͑I NSF − I SF ͒ / ͑I NSF + I SF ͒ and ⌬P obs zz are the PND data and the experimental error. I calc and P calc zz are the calculated values for I obs and P obs zz , respectively. The optimal 2 was 61.4 for our model. The R factor that is defined by ͚ FCD ͑I obs − I cal ͒ / ͚ FCD I obs ϫ 100͑%͒ was 9.74%. The modified Vecchini refers to our modification of their results to correspond to having only a single nonzero order parameter. the ITC-FE phase can be approximately produced by our Landau theory with only one order parameter. Our magnetic structure shown in Fig. 2 is almost the same as the previously reported structure that was obtained by Kimura et al. 45 without assuming any particular symmetry: the ab components of Mn 4+ moments are collinear along the c axis ͓Fig. 2͑a͔͒; the ac components ͓Fig. 2͑b͔͒ and bc components ͓Fig. 2͑c͔͒ of Mn 4+ moments form cycloidal spirals along the c axis. The zigzag chain formed by Mn 4+ and Mn
3+
on the ab plane is also nearly collinear ͓Fig. 2͑d͔͒. The magnitudes of the Mn 3+ and Mn 4+ moments do not change along the a axis over different chemical unit cells while they oscillate between two values along the c axis ͑see Fig. 3͒ . According to the spin-current mechanism, the ac and bc spirals can give rise to electric polarization, P, along a and b axes, respectively. P induced by the ac spirals of neighboring chains are, however, in opposite directions and, thus, cancel with each other ͓Fig. 2͑b͔͒, while P induced by the bc spirals are in the same b direction ͓Fig. 2͑c͔͒, resulting in the bulk electric polarization along the b direction as observed experimentally. On the other hand, the magnetostriction model 34 can be applied to the chain of Mn 4+ -Mn 3+ -Mn 3+ -Mn 4+ ions along the b axis that are more or less parallel and are arranged in a sequence of ↑↑ ↓↑. This spin configuration will give a and b displacements of frustrated Mn 3+ ions. But a-direction displacement is canceled out with neighboring spin configuration so that it leads to a strong P along the b axis. 19 This conclusion agrees with that of Landau theory. For the LTI-FE phase we fit to a structure without assuming any symmetry constraints. The symmetry constraints we have invoked to fit the ITC-FE phase are specific to continuous transitions and, thus, may apply to phases which can be reached by one or more continuous transitions, as is the case for the ITC-FE phase ͑this is discussed in Refs. 48 and 6͒. Since there is apparently no path to reach the LTI-FE phase from the paramagnetic phase via only continuous transitions, we fit the data for this phase to a structure without assuming any symmetry constraints. The best fit was obtained with the optimal parameters that are listed in Table IV and the resulting magnetic structure is illustrated in Fig. 4 . For the LTI-FE phase, the only magnetic structure reported so far is the one that was obtained by a neutron powder-diffraction study. 19 In that magnetic structure, in each Mn 4+ chain along the c axis the moments are nearly collinear with a sinusoidally modulated amplitude. In the ab plane, Mn 4+ and Mn 3+ moments are nearly collinear and coplanar, and along the Mn 4+ -Mn 3+ zigzag chains, their magnitudes follow a sinusoidal modulation yielding almost zero moments for certain positions. Our incommensurate magnetic structure, however, is different. The magnitudes of Mn 4+ and Mn 3+ moments weakly fluctuate ͓see Figs. 5͑a͒-5͑d͔͒ along the a and the c axis. The more prominent feature is that they form complex spiral structures along the a and c axes. First, the ab components of the Mn 4+ moments rotate about the c axis ͓see Fig. 4͑a͔͒ , forming a longitudinal spiral. Second, the ac and bc components of the Mn 4+ form cycloidal spirals along the c axis ͓Figs. 4͑b͒ and 4͑c͔͒ as in the ITC-FE phase. Third, the ab components of all Mn ion moments form a cycloidal spiral along the a axis ͓see Fig. 4͑d͔͒ . By the spin-current mechanism, a longitudinal spiral does not give rise to any electric polarization. When we add all P's induced by the three cycloidal spirals ͓͑b͒-͑d͔͒, the magnitude of the bulk P along b axis is much weaker than that of the ITC-FE phase, as experimentally observed. Application of the magnetostriction mechanism ͑P ϰ S i · S j ͒ on our LTI-FE spin structure also leads to a weak P along b axis because the Mn 4+ -Mn 3+ moments along the b axis ͓inside red and blue ellipses in ͑d͔͒ are now almost orthogonal. By the way, we have found that the bulk P induced by the spin-current mechanism would have a nonvanishing a component, as well as a b component of the resulting total P of the LTI-FE phase. Thus our results also predict that in the ITC-FE phase the spontaneous electric polarization will have a nonzero component along a, although it may be quite small.
IV. DISCUSSION
Our finding that YMn 2 O 5 has complex spiral structures in both ITC-FE and LTI-FE phases has important theoretical implications in the field of multiferroics. First, the spiral structures of YMn 2 O 5 are consistent with both the spincurrent model and the magnetostriction model to explain magnetoelectric coupling. Second, according to the spincurrent mechanism the incommensurate structure of YMn 2 O 5 may induce weak P along the a axis as well as along the b axis. This will have to be checked by measuring P as a function of temperature with an application of an external electric field along the a axis. According to a symmetry-based Ginzburg-Landau theory 40 when the higher order terms of the magnetic order parameters and umklapp magnetoelectric interactions are considered in the phase with k IC = ͑1 / 2+␦ a ,0,1/ 4+␦ c ͒ which has nonzero ␦ a , the weak spontaneous polarization P should appear in all directions. Indeed, electric polarization has recently been observed along the a axis in an incommensurate phase of TmMn 2 O 5 .
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This might be consistent with our finding that an incommensurate spin structure of AMn 2 O 5 can induce P along the a axis. Of course, we need to keep in mind that only two types of chains in this compound were considered for the spin currents: the Mn 4+ chains along the c axis and the Mn 4+ -Mn 3+ zigzag chains in the ab plane. Also the coefficient ␣ was assumed to be the same for the two different types of chains. It should also be noted that the spin-current model is a simple theory for the magnetoelectric effect of two neighboring magnetic moments. The application to a real material would require some complicated modifications to the theory. Nonetheless, our simple analysis explains why P weakens considerably at the ITC-FE to the LTI-FE phase transition as observed experimentally. It is also possible that both the mechanisms might be in play in this complex system. The complex magnetic structures of YMn 2 O 5 reported here will impose a strict restriction on the theoretical endeavor.
